The interference with existing radio broadcasting services because of unintentional radiation is a serious problem in power-line communication (PLC) systems. A radiation detection method based on burst packets, which had been proposed by the authors and was called scan and sum (SAS) method, was a low cost method and used to solve the problem. But its measurement took a long time and the burst packets occupied a channel. To shorten the measurement time, a new method based on periodic packets has been proposed in this paper, which is called periodic packet sound (PPS) method. Although both methods record the radiated signal as a sound data, the PPS does not need to scan the frequency of an AM radio receiver but analyses the sound data by a cross-correlation operation with a reference signal. First, how to generate the reference signal that depends on the modems is described. Second, an optimization of the packet size is studied, and finally it is shown that the detection sensitivity of PPS was maintained to be the same as SAS while the measurement time of PPS was 1/9 shorter than that of SAS. Moreover, the channel occupation of PPS was reduced to be 2% of SAS when the packet size was optimized to be 1500 bytes.
Introduction
Power-line communication (PLC) is a technology to transfer data through a power-line cable (1) . One of the problems in the broadband PLC system which uses the high frequency (HF) band from 2 MHz to 30 MHz is the so-called EMC (electromagnetic compatibility) issue, that is unintentionally radiated PLC signals interfere with existing radio broadcasting services (2) . To solve the problem, there are two approaches. One approach is called cognitive PLC or dynamic notching, which detects the radio broadcasting services to find the white space and notches PLC signals at frequencies where the radio broadcasting services were detected (3)- (6) . Another approach has been proposed by the authors, which is called AEE-PLC (Adaptive power control method to Electromagnetic Environment-PLC). It detects the radiating PLC signals and decreases the transmission power to reduce the radiation. The approach could not be realized for the conventional PLC system because the radiation strength depended on a channel condition and its estimation was difficult. Then the au- * Graduate School of Science and Engineering, Ehime University Bunkyo 3, Matsuyama, Ehime 790-8577, Japan * * Faculty of Engineering Department of Electrical Engineering, Hasanuddin University Perintis Kemerdekaan KM.10 Makassar South Sulawesi 90245, Indonesia thors have been proposing a realistic detection method instead of the estimation. As far as the authors know, there is no report that studies the same approach.
To detect the radiation strength, the channel power measurement by a spectrum analyzer is usually used because a spectrum bandwidth of the radiated PLC signal is wider than radio broadcasting services at the HF band, as shown in Fig. 1 . Almost all environmental noise signals in Fig. 1 (a) are the radio broadcasting services because the signals with 10 kHz are of broadcasting. If power supply of a PLC modem is switched on and off, and the difference of the channel power with the bandwidth of 500 kHz, is measured, the radiation strength can be detected.
The scan and sum (SAS) method proposed by the authors was equivalent to the channel power measurement. Instead of the spectrum analyzer, it used a wideband receiver (WBR), which is a kind of AM radio receiver, to reduce the cost (7) (8) . Although the WBR is relatively expensive comparing to a PLC modem, the PLC modem could not detect the radiation well. Especially at places where there were many important radio services, for example in ships, the proposed method was advantageous because the detection sensitivity of the WBR was comparable to that of the spectrum analyzer.
The loudness of the received sound from the WBR was used to determine the radiation strength. However, the SAS method took a long time for the measurement because a lot of frequencies must be scanned. Moreover, burst packets had to be sent from a PLC modem, since c 2013 The Institute of Electrical Engineers of Japan. A spectrum example of environmental noise and radiated PLC signal (7) .
the synchronization between the WBR and the modem was difficult. As a result, the channel occupation (CO) by the packets became another problem because other users could not use the channel.
To avoid the CO problem, a new detection method based on periodic packets generated by a "ping" command of Windows PCs, whose period is about one second, is proposed in this paper. This method is called periodic packet sound (PPS) method. At the preliminary reports by the authors in (9) to (11), the PPS method was examined with a packet size of 9999 bytes. However, the size was not an optimized. If the size is reduced too much to improve the CO ratio, the sensitivity of the detection will also degrade. This optimization is also discussed in this paper (12) . The structure of this paper is as follows. In section II, the conventional SAS method is described. In section III, the detection method by PPS is proposed. In section IV, the packet size optimization and the detection sensitivity are discussed. And finally, section V concludes the paper and discusses the future work.
Conventional SAS Method
The SAS method was a radiation detection method based on burst packets and used two conditions of PLC modems being off and on. When all modems were switched off, the background noise level V n was measured. At another condition, target modems were switched on to measure the radiated signal strength V r . The radiation was detected when the V r value was higher than the V n value. Figure 2 shows the measurement configuration. Three PLC products of PLAM5000 Rev.1 by Preminent (abbreviated as YITRAN), NPL-E190AJ by Naeil Community (abbreviated as HD-PLC), and NPL-E200AIJ by Naeil Community based on HomePlug AV 1.0 (abbreviated HPAV) were used. Burst packets were generated by a free software NetMi (13) which sent the user datagram protocol (UDP) packets of 1472 bytes to the receiver PC. The radiated signals were received by a passive loop antenna (EMCO 6512) and recorded in the detector PC as a sound data output from a WBR (IC-PCR1500 by ICOM).
As shown in Fig.2 , the position of the antenna was in front of the radiation sources, i.e. PLC modems, the cables between the modems and the table tap, and the cable of the table tap. The measurement was done in an unshielded room of the authors' laboratory. The height from the floor of the modems and antenna was 75 cm.
The loudness of the recorded sound voltage x j (t) was used to determine the noise and radiation strength V n and V r . The tuning frequency of the WBR was determined by two steps. First, the frequency was scanned from 2 MHz to 30 MHz every 10 kHz to determine a highest radiation band with a 500 kHz bandwidth (BW ). Once the band was determined, the frequency scanning was carried out within the determined band of 500 kHz. The scanning band in this paper of YITRAN, HPAV and HD-PLC was 15.10 MHz−15.60 MHz, 12.10 MHz−12.60 MHz, 11.35 MHz−11.85 MHz, respectively. Since the tuning step (T S), which was the bandwidth of a tuned frequency, of the AM demodulation mode was 10 kHz and BW was 500 kHz, the number of times of having performed the frequency scanning J num was 50 (=BW/T S) times. The j-th tuned frequency f ch (j) was given by the following equation.
where j = 1, 2, ..., J num and f o is the center frequency of the scanning band. The f o of YITRAN, HPAV and HD-PLC were 15.35 MHz, 12.35 MHz and 11.6 MHz, respectively in this paper.
The measurement time T M for two conditions of SAS method was 90 sec (= 2 × J num × Δt M ), where Δt M was a time at a tuning and its value was 0.9 sec. The distance l between the antenna and the the front of radiation sources was changed every 50 cm, and the maximum distance l max where the detection was possible, was measured.
A result of the SAS method using HPAV modems is shown in Fig. 3 . The solid line and the dashed line in the figure are the RMS values when the modem was switched on and off, respectively. The RMS value V a (a = r or n) is defined as follows.
where x ji is the i-th sampled signal of x j (t). The sampling frequency f s was 44.1 kHz and the number of signals N was Δt M × f s . This figure shows the distance l max of SAS method is 2 m. The distance l max for YI-TRAN and HD-PLC modems were also 2 m.
The SAS method was implemented in the AEE-PLC system to achieve the maximum throughput performance without radiation (7) (8) . If the radiation was not detected, the PLC modem could increase the transmitting power. But if it was detected, it decreased the power until its radiating signal level became less than the environmental noise level.
Proposed PPS Method

Principle
Although the PPS method also records the packet signal sound at a frequency band f ch (J) in the same way as the SAS method, it does not require the modem to be off and does not need to scan the frequency. Then the tuning number J was fixed to be equal to J num /2 (= 25) in this paper.
In Fig. 2 , the sender PC sent internet control message protocol (ICMP) packets to the receiver PC, so that radiated impulsive sounds with about one second period were recorded in this method. The ICMP packets were generated by the "ping" command in Windows PCs. To use the command, open a command window and type:
, where the size L s of option l is a send buffer size [bytes] and the count N c of option n is the number of echo requests to send.
The recorded signal x J (t) was analyzed by MATLAB and its calculation steps are shown in Fig. 4 . The first step is the sampling of the signal x J (t) and the absolute value of the sampled data x Ji was calculated. To reduce the cost of processing, the decimation process was done in the next step to produce a decimated signal x J (k). The decimation factor D of 50 was chosen in this paper. This calculation used a decimation function of MATLAB that included a low-pass filter. The 
The reference signal y(t) is a series of pulses with a width T w and an interval T c as defined in eq. (3).
where r = 0, 1, 2, ..., N c − 1. The amplitude A was equal to the maximum amplitude of x J (k). Example waveforms of x J (k) and y(t) are shown in Fig. 5 (a) and (b) . The circles drawn in Fig. 5 (a) represent the ICMP packets to be detected. The amplitude of the received signal varied because PLC channel was affected by the appliances that connected to the powerline. In PPS method, the interval of the peak signal is important because this method uses correlation method to judge radiation occurs or not.
The method of determining T w and T c will be explained in Section 3.2.
The decimated signal x J (k) and the sampled signal of y(k) were used to calculate the cross-correlation coefficient R xy (s) defined in eq. (4).
where K = L k − s. The delay count s was changed from 0 to 3 seconds (= 3T c ) in this paper. An example of R xy (s) is shown in Fig. 5 (c) . The maximum coefficients for the radiated packet signal at the time s 1 and the surrounding noise at the time s 2 were denoted as R xy (s 1 )| signal max and R xy (s 2 )| noise max , respectively. If R xy (s 1 )| signal max > R xy (s 2 )| noise max , it is determined that radiation occurs.
To implement the PPS method in AEE-PLC with many users, the WBR will be set as a victim receiver. So, the detector PC shown in Fig. 2 will have to distinguish a sender PC from other possible PCs, and inform it of the detected radiation strength. This procedure will need a kind of management software among PCs, but it is one of the future works.
Reference signal y(t)
The ICMP packet consists of two packets of request and reply as illustrated in Fig. 6 . When the q-th ICMP request packet was sent from a sender PC through Ethernet/PLC bridging modems to a receiver PC, the received packet was replied to the sender PC immediately. The time T rate of Ethernet was faster than that of PLC and fixed, it was assumed that the T q p and T q c of Ethernet packets were equivalent to those of PLC packets in this paper.
Although T q c was around one second, it varied depending on T q p , i.e. PLC modem's and receiver PC's responses. The parameters T w and T c shown in Fig. 5 (b) were determined as follows.
To detect the radiation from the PLC modems, the pulse width T w of y(t) must be equal to or longer than T q p . Moreover, the start time of the pulse was not synchronized to the start time of the request packet, e.g. the (q + 2)-th pulse and request packet shown in Fig. 6 , so that its offset time must be added. Then the interval time from the start time of the q-th pulse to the start time of the q-th reply packet, α q , was measured and its maximum value was adopted as T w . The interval T c of y(t) was the minimum value of T q c . Then these interval times, α q and T q c , were measured by an Ethernet packet analyzer of Wireshark (15) which was installed in a sender PC. To measure the minimum value of T q c , only the ping command was issued and other user-application-programs were not worked on the PC. The number of analyzed ICMP packets was 120 in this paper.
When the size L s and the count N c were 1500 bytes and 10, the minimum value of T q c of HPAV, HD-PLC, and YITRAN was 1.0011 sec, 1.0013 sec, and 1.0014 sec, respectively. Then these values were adopted as the T c value of y(t). In the same condition, α q was measured using the obtained T c value and its Probability Distribution Function (PDF) was calculated as shown in Fig. 7 . The maximum value of HPAV, HD-PLC, and YITRAN was 8 msec, 11 msec, and 16 msec, respectively. These values were used as the T w value of y(t). 
Packet size optimization and detection sensitivity
The packet size L s of the original PPS method proposed in Ref. (9)- (11) had been 9999 bytes because the longer size was the easier to detect the impulsive sounds by ear, i.e. the higher sensitivity. However, the longer packet size introduced the longer CO. Hence, the relationship between the size L s and the detection sensitivity was studied to optimize the size as below.
The CO was defined as a ratio of eq. (5) (14) .
where the definitions of N c , T The relationship between packet size L s and the detectable maximum distance l max is shown in Fig. 8 . When the packet size was too small to detect the radiation, it was plotted as l max = 0 for convenience, and shown as an undetectable size in the figure. It was con- Fig. 10 . Results of the distance lmax of three modems for the PPS method when Ls=1500 bytes. firmed that the larger packet size achieved the longer detectable distance, i.e. the better sensitivity, for all modems when the size was less than or equal to 1500 bytes. Since the distance l max became constant after that, L s = 1500 bytes was the sufficient condition. The relationship between the packet size L s and CO is shown in Fig. 9 . Since the ICMP data was fragmented every 1500 bytes due to the Ethernet protocol, the CO increased in the shape of stairs. Figure 9 shows the longer packet size introduces the longer CO. It was concluded from the results of Fig. 8 and 9 that the optimum packet size was 1500 bytes for all modems.
The result of the PPS method when L s = 1500 bytes is shown in Fig. 10 . The detectable distance l max was 2 m for all modems, where the vertical axis values at the undetectable distances of 2.5 and 3 m were plotted as 3×10 −15 because zero or minus values could not be plotted on the logarithmic chart.
The results of the SAS and PPS methods were summarized in Table 1 . The CO values of the SAS method were about 100% because it sent the burst packets. Those of the PPS method were less than 2% when L s was the optimized size of 1500 bytes. For the measurement time T M , the PPS method could shorten it to 1/9 comparing to SAS. While the detectable maximum distance l max was maintained to be 2 m, these improvements were achieved.
Conclusion
A new radiation detection method employing periodic packets in the PLC system was proposed in this paper. The problem of long detection time in the conventional SAS method could be overcome by the proposed PPS method, because the periodic packets included both durations of the PLC signals existing and not existing. Although the SAS method occupied the channel almost
